Secretion systems are essential for bacteria to survive and manipulate their environment. The 9 bacterial Type VI Secretion System (T6SS) generates the force needed for protein translocation 10 by the contraction of a long polymer called sheath, which is composed of interconnected 11 VipA/VipB subunits forming a six-start helix. The mechanism of T6SS sheath contraction and the 12 structure of its extended state are unknown. Here we show that elongating the N-terminal VipA 13 linker or eliminating charge of a specific VipB residue abolished sheath contraction and delivery 14 of effectors into target cells. The assembly of the non-contractile sheaths was dependent on the 15 baseplate component TssE and mass-spectrometry analysis identified Hcp, VgrG and other 16 components of the T6SS baseplate specifically associated with stable non-contractile sheaths. 17 The ability to lock T6SS in the pre-firing state opens new possibilities for understanding its mode 18 of action. 19 20 35 which are interconnected by N-and C-terminal linkers in the inner layer of the sheath. Inner 36 layers of sheaths of contractile phage, R-type pyocin and T6SS likely maintain the connectivity of 37
Introduction
Various protein nanomachines have evolved to translocate macromolecules across biological 22 membranes. A subset of these nanomachines is composed of a rigid tube surrounded by a 23 contractile sheath attached to a baseplate. The sheath is initially assembled in a high energy, 24 extended state and then quickly transits to a low energy, contracted state, which results in 25 physical puncturing of the target membrane associated with the baseplate. The bacterial Type VI 26 secretion system (T6SS) uses this mechanism to deliver proteins across membranes [1] [2] [3] [4] [5] . 27 Assembly of all contractile nanomachines starts by formation of a baseplate, which initiates 28 polymerization of the inner tube. The tube serves as a template for quick assembly of the 29 extended sheath [6] [7] [8] [9] [10] . Unlike other contractile systems, the assembly of T6SS baseplate 30 requires the interaction with a membrane complex, which anchors the system to the cell 31 envelope [11, 12] . Two different classes of TssA molecules are important for initiation of T6SS 32 sheath assembly and its elongation [13, 14] , which progresses across the whole cell and thus 33 allows the use of live-cell fluorescence microscopy to monitor the sheath dynamics [1, 12, [15] [16] [17] . 34 The sheath can be described as a six-start helix or as a stack of rings composed of six subunits, The mechanism of T6SS sheath contraction is unknown because the sheath contracts during 41 isolation from cells and thus the extended sheath is yet to be analyzed in detail [1] . 42 Here, we identified two structural features of the T6SS sheath that play a critical role in its 43 contraction. Using live-cell fluorescence microscopy, we show that a single negatively charged 44 residue located on the surface of the middle domain of the T6SS sheath is critical for sheath 45 contraction but not sheath assembly. We further show that VipA N-terminal linker structure is 46 critical for sheath contraction. Insertion of two and more amino acid residues into this linker 47 completely abrogated contraction and allowed us to isolate non-contractile sheaths from cells 48 for mass-spectrometry and electron microscopy analysis. This analysis revealed that non- 49 contracted sheaths are stably associated with Hcp tube and components of T6SS baseplate. 50 Overall, our analysis shows that conserved structural features are involved in sheath contraction 51 and provides insights into T6SS assembly and mode of action. 52 53
Results

54
VipB residue D333 is important for contraction in-vivo 55 Interactions of charged residues were previously suggested to be important for contraction of T4 56 phage sheath and R-type pyocin sheath [18, 21] . Analysis of interfaces that are expected to be 57 present only in the contracted form of the T6SS sheath of V. cholerae suggested that VipB 58 residues K223 and D333 located on two different VipB-VipB interfaces, one between protomers 59 of a single sheath strand and the second between protomers on two adjacent strands, significantly contribute to the stability of the contracted structure [22] . This suggests that energy 61 released by forming these interactions could be contributing to driving the sheath contraction. 62 To test this hypothesis, we mutated K223 and D333 to alanine and expressed the mutated vipB 63 in a vipA-msfGFP background to allow for monitoring of sheath dynamics in live-cells. K223A 64 mutation impaired assembly of the sheath and no elongated sheath were observed ( Fig. 1b ). This 65 was also reflected in the inability of the VipB-K223A mutant to kill target cells ( Fig. 1a ). 66 Interestingly, VipB-D333A mutant assembled into long non-dynamic sheath structures that were 67 stable in-vivo over more than one hour of imaging ( Fig. 1c and Supplementary Video S1 and S2). 68 The number of sheath structures per cell was comparable to the number of structures assembled 69 in wild-type cells suggesting that D333 residue is not critical for sheath assembly. Importantly, 70 VipB-D333A mutation completely blocked target cell killing ( Fig. 1a ).
72
VipA linker is critical for sheath contraction in-vivo 73 Recent atomic models of T6SS sheaths in a contracted state and structures of the R-type pyocin 74 in an extended and contracted state identified intermolecular linkers important for sheath 75 function [20] [21] [22] . Interestingly, the N-terminal linker of the R-type pyocin sheath is more 76 stretched in the contracted sheath than in the extended sheath ( Supplementary Fig. 1 ). T4 phage 77 sheath was suggested to contract from the baseplate in a wave of sequentially contracting rings 78 [24] . We hypothesized that stretching of the N-terminal sheath linker upon contraction suggests 79 that the contraction of a basal ring of sheath results in pulling on the VipA N-terminal linker of 80 the next ring, which in turn triggers its contraction. Such a mechanism would lead to propagation of contraction through the whole sheath. We decided to test this hypothesis by generating a 82 series of mutant V. cholerae T6SS sheaths with longer VipA linkers that potentially hinder 83 propagation of contraction. We inserted 1-7 amino acids of the native "AEVELPL" sequence of 84 the linker after the residue 25 of VipA wild-type protein (labeled here as VipA-N1 to VipA-N7). To 85 monitor the assembly and contraction, we fused the VipA and its variants to msfGFP and 86 expressed it from pBAD24 plasmid in the absence of chromosomal vipA [1, 22] . 87 All mutant T6SS sheaths assembled with a frequency similar to the wild-type sheath ( Fig. 2b) , 88 however, frequency of sheath contraction was strongly dependent on the linker length ( Fig. 2b , 89 Supplementary Video S3). Whereas insertion of one amino acid (VipA-N1) had almost no effect 90 on sheath dynamics, an elongation by two or more amino acids (VipA-N2-7) reduced the fraction 91 of sheaths that contract during 5 minutes from 50% (of 159 structures counted, 85 contracted) 92 to 0% (of 204 structures counted, none contracted). Many of these mutant sheaths were stable 93 over one hour of imaging ( Fig. 2c and Supplementary Video S4). Sheaths that occasionally broke 94 after extensive bending caused by movement and growth of cells were however quickly 95 disassembled (Supplementary Video S4). VipA with "AGAGA" sequence inserted, labeled as VipA-96 N5(GA), also assembled stable full-length sheaths ( Fig. 2b , Supplementary Video S3), suggesting 97 that VipA linker length, but not its sequence, is specifically critical for sheath stability. 98 Furthermore, the killing of E. coli MG1655 by V. cholerae T6SS ( Fig. 2a ) was strongly dependent 99 on the length of the VipA linker. Whereas an extension of this linker by one amino acid had no 100 effect on the killing efficiency, an elongation by two amino acids completely abolished the killing 101 of target cells.
Stable sheaths assemble from baseplate and around Hcp 104
To analyze the stable mutant sheaths in more detail, we isolated them by using an approach 105 similar to the one used for the isolation of the wild-type contracted sheath [1, 22] . Mutant sheaths 106 were expressed in non-flagellated V. cholerae strain, cells were lysed and sheaths were purified 107 from soluble proteins and cell debris using ultra-centrifugation. The isolated sheaths were 108 analyzed by negative staining electron microscopy. 109 Analysis of VipB-D333A sheath sample revealed partially fragmented hollow structures with an 110 outer diameter of 260 nm, thus resembling contracted sheaths ( Fig. 1d ). This suggests that during 111 isolation the VipB-D333A sheaths contract and the D333A mutation destabilizes the contracted 112 structure and this leads to partial fragmentation. Similarly, VipA-N2 sheaths closely resembled 113 the wild-type contracted sheaths as they appeared hollow, had the inner diameter of 100 Å and 114 the outer diameter of 260 Å (Fig. 3a, b ). Interestingly, VipA-N3, VipA-N5 and VipA-N5(GA) mutant 115 sheath diameters were ≈200 Å and thus narrower than wild-type ( Fig. 3a, b ). Importantly, uranyl 116 acetate stain was clearly unable to penetrate the sheaths, suggesting that VipA-N3, VipA-N5 and 117 VipA-N5(GA) mutant sheaths were filled with additional protein (Fig. 3a, b ). 118 To identify the proteins that were associated with the mutant sheaths, we purified the VipA-119 N1,2,3,5 and 5(GA). Proteins in the purified sample were identified using mass spectrometry 120 analysis ( Supplementary Table 1 ). Besides VipA and VipB proteins, VipA-N3, VipA-N5 and VipA-121 N5(GA) sheath preparations contained large amounts of Hcp, as further confirmed by western-122 blot ( Fig. 3c, lower panel) . The presence of Hcp in these mutant sheath samples explains the solid appearance on negative stain EM ( Fig. 3a) . Interestingly, components of T6SS baseplate (TssE, 124 TssF, TssG and TssK) as well as VgrG tip components were also identified in VipA-N3, VipA-N5 and 125 VipA-N5(GA) sheath samples ( Supplementary Table 1 ). contraction of the next ring. As we show here, insertion of two residues into the VipA N-terminal linker prevents T6SS sheath contraction in-vivo, suggesting that the exact length of the linker 166 connecting the subunits is essential for sheath contraction initiation or propagation of the 167 contraction along the sheath ( Fig. 6 and Supplementary Fig. 1 ). T6SS, T4 and R-type pyocin sheath 168 structures identified charged residues important for stability of contracted structures [18, 21, 22] . 169 Many of these interactions specifically form during contraction and were thus proposed to be 170 driving sheath contraction [18, 21] . Together with our data, this suggests that the energy gained 171 by formation of new charge interactions is potentially used to pull on the linkers between sheath 172 subunits and thus propagating the contraction to the next sheath ring. 173 Interestingly, the stable non-contractile sheaths also associated with many baseplate 174 components unlike contracted sheaths ( Supplementary Table S1 ) [1, 22] . This suggests that after 175 sheath contraction the baseplate is destabilized and dissociates from the sheath. Live-cell 176 imaging of sheath dynamics and localization indeed showed that few seconds after contraction, 177 but before disassembly, sheaths often dissociate from the initial cell envelope attachment site 178 [15]. This is consistent with the observation that T6SS assemble repeatedly inside cells and the 179 components of the baseplate are likely reused for new rounds of assembly. In related contractile 180 nanomachines, which are only used once, the contracted sheaths remain stably associated with 181 the baseplates and likely provide mechanical stability to the contracted particles. In the case of 182 contractile phages, the sheath connects baseplate and the phage head as the DNA is translocated 183 and in the case of R-type pyocin, the sheath might be needed to stabilize the tube, which allows 184 ion leakage and the killing of target bacterial cell [9, 21, 26] .
The approach used here to stabilize the pre-contraction state of T6SS will be likely invaluable for 186 further attempts to dissect T6SS mode of action at the molecular level in various bacteria and 187 may be also used to study related contractile nanomachines with a major relevance for viral 188 infection, bacterial competition and pathogenicity. Hcp is enriched in VipA mutants with a linker elongated by three or more amino acids. a Electron micrographs of sheath samples. Wild-type sheath and those with additional one or two amino acids inserted are hollow but with three or more amino acids show a protein density in the center. Black arrowheads mark the inner diameter and white arrowheads mark the outer diameter. Scale bar is 50 nm. b Plot of summed intensities of the micrographs in a. The inner diameter is marked with black arrowheads and the outer diameter with grey arrowheads. c Immunoblots against Hcp and VipB of the samples in a. 
